Abstract The cse gene of Streptococcus thermophilus encodes an extracytoplasmic protein involved in cell segregation. The Cse protein consists of two putative domains: a cell wall attachment LysM domain and a catalytic CHAP domain. These two domains are spaced by an interdomain linker, known as Var-Cse, previously reported to be highly divergent between two S. thermophilus strains. The aim of this study was to assess the extent of this intraspecific variability and the functional involvement of the var-cse region in cell segregation. Analysis of the var-cse sequence of 19 different strains allowed detection of 11 different alleles, varying from 390 bp to 543 bp, all containing interspersed and tandem nucleotides repeats. Overall, 11 different repeat units were identified and some series of these small repeats, named supermotifs, form large repeats. Results suggested that var-cse evolved by deletion of all or part of the repeats and by duplication of repeats or supermotifs. Moreover, sequence analysis of the whole cse locus revealed that the cse ORF is mosaic suggesting that var-cse polymorphism resulted from horizontal transfer. The partial deletion of the var-cse region of the S. thermophilus strain CNRZ368 led to the lengthening of the number of cells per streptococcal chain, indicating that this region is required for full cell segregation in S. thermophilus strain CNRZ368.
Introduction
The most relevant property of repeat sequences, from an evolutionary point of view, is their genetic plasticity. For intragenic repeats, known as coding repeats (CRs), the consequences of this instability, regarding the Open Reading Frame (ORF) integrity and the encoded amino acid sequence, are different according to their size and their respective reading phase positioning. When the repeat motif size is not a multiple of three nucleotides, genetic instability of the repeat rich region can induce, at a high frequency, protein shortening or lengthening, inactivating or activating the ORF. Usually, genetic instabilities of these kinds of repeats induce switching between activation and inactivation of the gene and is a mechanism of gene expression regulation by phase variation (Hallet 2001) . When the repeat size is a multiple of three and when the repeats are positioned in the same phase, the size and the amino acid sequences are modified but ORFs are always finished by the same stop codon whatever the allele and therefore are not inactivated by frameshifts. Intragenic repeats from the last category are widely studied in pathogenic bacteria but less in non-pathogenic bacteria. Furthermore, these genetically instable regions are mainly used as molecular tags for typing pathogenic strains, but their biological function and evolution mechanism are not often studied (van Belkum et al. 1998; van Belkum 1999) .
The size of CRs can vary from one to one hundred nucleotides. Genes, and especially those encoding surface proteins, can contain numerous sets of repeats. In most cases, CRs are organized in direct tandem repeat and are mainly built with one type of motif (Fischetti et al. 1991; Dramsi et al. 1993; van Belkum et al. 1998) . Exceptions, however, can be found such as the gene encoding the G protein from the GX7805 strain of group G Streptococcus that contains 4 different types of motifs that are organized as alternated interspersed repeats (Filpula et al. 1987) . One of the most complex reported examples of CRs is found in the cse gene from Streptococcus thermophilus involved in Cell Segregation (Borges et al. 2005) . It encodes an extracytoplasmic protein with one putative cell wall attachment (LysM) domain and a putative Cysteine Histidine-dependent Amidohydrolase/Peptidase (CHAP) domain. These two domain-encoding sequences are spaced by a region named var-cse. Analysis and comparison of the var-cse allele from two S. thermophilus strains (CNRZ368 and LMG18311) revealed that the var-cse sequence: (i) is almost completely built with numerous (up to 8) different types of small interspersed and tandem direct repeats, (ii) encodes an amino acid sequence of low complexity, and (iii) is highly divergent. The sequence of the two analyzed S. thermophilus strains diverge from approximately 40%. However, the comparison of two alleles only provided little information concerning the origin of this variability. Moreover, the replacement of the var-cse region of strain LMG18311 by that of strain CNRZ368 had little or no effect on cell segregation activity of Cse (Borges et al. 2005) . This suggested that this region may be dispensable for cell segregation activity of Cse.
The aim of this study was to assess the extent of var-cse variability and to determine if this region is required for Cse activity. For this purpose, the sequence of var-cse alleles from numerous strains of S. thermophilus were analyzed and compared. In addition, the impact of a partial deletion of var-cse on cell segregation was investigated.
Materials and methods

Bacterial strains, growth conditions and plasmids
All strains and plasmids used in this work are presented in Table 1 . Depending on the experiments, S. thermophilus and its derivatives were cultivated in milk medium, M17 (Terzaghi and Sandine 1975) or HJL (Stingele and Mollet 1996) media, without shaking. Milk medium was used for strain storage, M17 was used for mutant generation and HJL was employed for phenotypic analyses. Phenotypic analyses were performed at 42°C, the optimal S. thermophilus growth temperature. Erythromycin was added at 2 lg ml -1 when required. S. thermophilus derivative strains containing pGh9 (Maguin et al. 1992 ) plasmid derivatives were cultivated at 30°C when plasmid self-maintenance was required and at 42°C for selection of clones containing chromosomally integrated plasmid.
Recombinant plasmids derived from pGh9 were transformed into Escherichia coli EC101, a TG1 strain containing a chromosomal copy of the pWV01 repA gene (Buist et al. 1995) , and were selected at 37°C on Luria-Bertani (LB) medium (Sambrook et al. 1989 ) containing 150 lg ml -1 of erythromycin.
DNA manipulations
Preparation of chromosomal and plasmid DNA, and Southern analysis were performed according to standard protocols (Sambrook et al. 1989) . Sequences were aligned with CLUSTALW (Thompson et al. 1994) . DOT PLOTs were constructed by using the Nucleic Acid Dot Plot from the Molecular Toolkit (http://www.arbl.-cvmbs.colostate.edu/molkit/dnadot/index.html). The cse region encompassing var-cse was amplified by PCR using the primers 5¢-CTGTAG-TAGCAGAATCTAAC-3¢ and 5¢-GCACTAGC AATCCAGTCTT-3¢. The reaction mixture was incubated at 95°C for 5 min. This was followed by 30 cycles of 45 s at 95°C, 45 s at 50°C , and 45 s at 72°C. After the last cycle, extension of the products was made at 72°C for 5 min. The cse locus was amplified by PCR using the following primers 5¢-TTGTTGGCGCGCTTTAGCCGATTTGGC-TTTTGAAG-3¢ and 5¢-TTGTTGGCGCGCCC-CATTATTTTCTCAGGATGAAT-3¢. Amplifications were performed as follow: one cycle of 5 min at 95°C followed by 10 cycles of 45 s at 95°C, 45 s at 50°C and 90 s at 72°C. This was followed by 20 cycles of 45 s at 95°C, 45 s at 60°C and 90 s at 72°C. At last, the reaction mixture was incubated 5 min at 72°C. Taq polymerase (Sigma) was used for amplification. To avoid the sequencing of PCR induced mutations, four independent PCR reactions were performed in parallel for each S. thermophilus strain, and the products were pooled before sequencing.
Analysis of cse mosaicism A sequence identity matrix was elaborated, on the basis of sequence alignments of the cse locus, by using the BioEdit program (Hall 1999) . One matrix was constructed for each of the A, B, D and E regions of the cse locus. The boundary separating the A and B regions was positioned on the 5¢ side of the first variable nucleotide position that separates the sequences as groups I and II. The boundary between the D and E regions was positioned similarly. The boundaries flanking the C (or var-cse) region were positioned so that the highly variable repeat region is completely comprised in the C region. A mean and standard deviation were then calculated with the values resulting from the comparison of sequences that belong to the same group as well as from different groups. However, since group I was only represented by two sequences (from CNRZ368 and CNRZ445), the values presented for the group I does not correspond to a mean.
Construction of a D 67-411 var-cse mutant strain of S. thermophilus
The var-cse region from nucleotide 67 to 411 (with nucleotide 1 as the first 5¢ nucleotide of the var-cse region) was deleted by allelic replacement as previously described (Thibessard et al. 2004) . Briefly, the two regions flanking the cse locus to be deleted were independently amplified by PCR using the following primers pairs: 5¢-CCCCCCAAGCTTTGAATGTTTTGGCTA-ATATC-3¢ and 5¢-CCGGAATTCTTCAGTTGT TTCAGTTGC-3¢, 5¢-CCGGAATTCCTAGCA GCTACATACGA-3¢ and 5¢-CCCCCTGCAGTT ATGGATAAATATAATATAC-3¢. The PCR products were digested by appropriate restriction enzymes, joined together and ligated with the plasmid pGh9. The ligation products were used to transform E. coli EC101. After introduction of the recombinant plasmid into S. thermophilus, deleted mutants displaying an EcoRI restriction site instead of the 345 bp of the var-cse region were selected as previously described (Thibessard et al. 2004 ). The var-cse partial deletion was checked by PCR, Southern hybridization and sequencing (data not shown).
Microscopy
Cells were observed with a Nikon OPTIPHOT microscope mounted with phase contrast equipment ''Ph'' at ·100 magnification, using the condenser turret at position Ph4, or at magnification ·1000 by phase contrast.
Nucleotide sequence accession numbers DNA sequences reported in this paper have been deposited in GenBank under accession numbers AY730642, AY695844, CP000024 and from DQ102334 to DQ102345.
Results
Structure of the var-cse alleles
In order to characterize the genetic variability of var-cse, the corresponding sequence of 15 S. thermophilus strains was determined. For this purpose, a region of the cse ORF comprising var-cse was amplified by PCR from genomic DNA. A single PCR product was obtained for each strain and was sequenced. Since the sequence of the cse locus of 4 strains (CNRZ368, LMG18311, CNRZ1066 and LMD-9) was already available (Bolotin et al. 2004; Borges et al. 2005 ; http://www.genome.jgi-psf.org/ draft_microbes/strth/strth.home.html), a total of 19 sequences were analyzed. Among these sequences, 11 alleles (named var-cseA to var-cseK) differing by their sequence and their size were A B Fig. 1 Repetitive structure of var-cse alleles. (A) Schematic representation of the var-cse region of the following S. thermophilus strains: CNRZ368 NST1 and CNRZ385 (var-cseA allele); A054 (var-cseB allele); CNRZ445 (varcseC allele); ATCC19258 (var-cseD allele); CNRZ702 (var-cseE allele); CNRZ308 (var-cseF allele); IP6757, CNRZ7, CNRZ1066 and Sfi6 (var-cseG allele); CNRZ464 (var-cseH allele); LMG18311 and CNRZ388 (var-cseI allele); LMD9 and CNRZ1402 (var-cseJ allele); CNRZ302 and CNRZ307 (var-cseK allele). Each repeat unit is represented by a letter-containing box (referring to part B). Repeat units in accordance with the consensus sequences presented in panel B are represented in uppercase letters and those that are slightly divergent from the consensus are represented by lowercase letters. The D symbol refers to partially deleted repeats. Repeats that are characteristic of group I and group II are represented by light colored grey and dark grey rectangles respectively. Aligned sequences are represented by bracketing one above the other the schematic representations of the sequences aligned by CLUSTALW. Dotted lines indicate gaps in the alignments. Notice that because of the repeat richness of these regions, the positioning of gaps can not be favored between two possibilities and so representation of one of them was arbitrarily chosen. The repeated supermotifs corresponding to nucleotide duplications greater than 45 bp with less than 1% degeneracy are indicated by arrows. The region of var-cseA deleted in the CNRZ368-D67-411var-cse mutant strain is indicated by a thick line. (B) Table listing the consensus sequences of the repeated motifs identified in the var-cse alleles Antonie van Leeuwenhoek (2006) 90:245-255 249 detected. The size of the var-cse sequences varies from 390 to 543 bp, i.e. a maximum size variation of 153 bp was found. The repeat content was assessed for each allele. This analysis revealed that they are almost all built-up of direct repeats, with tandem and dispersed arrangement (Fig. 1A) . A total of 11 different repeat motifs (named A to K), with sizes from 9 to 18 bp, were detected (Fig.1B) . All of the repeated units are multiples of three and are thus in frame. Consequently, all the nucleic acid repeat sequences correspond to an amino acid repeat in Cse (Fig.1B) . The sequence of 8 of these 11 motifs (A, C, D, E, F, H, I, and J) are degenerated. The most degenerated is the most frequent C motif, with 9 degenerated positions among 18. Consensus sequence comparison of the motifs showed that some of them are similar to parts of others. For example, the nucleotide sequence encoding the PES part of the SEAPES amino acid sequence (one possible C motif) is identical to the G motif, whose corresponding amino acid sequence is also PES (Fig. 2) .
Nucleotide sequence analysis by dot plot indicated that the var-cse alleles can contain repeats larger than 18 bp, corresponding to the size of the largest repeats described Fig. 1B . Indeed, the varcseF and var-cseG alleles contain a perfectly duplicated 66 bp region (Fig. 1A) . This region corresponds to the CHEC series of motifs, or supermotif. This supermotif is also present in the other alleles but has degenerated. Other examples are the CCF (51 bp) and CFE (45 bp) supermotifs that are perfectly duplicated in varcseG and var-cseH (Fig. 1A) . The largest duplication identified is 130 bp long, comprising the CFCCFGCFE motif block. This region is duplicated almost perfectly (the two copies exhibits one divergent nucleotide) in var-cseI to K (Fig. 1A) . In conclusion, the small repeated motifs can be organized as repeated supermotifs.
Features of var-cse intraspecific variability
Alignment of var-cse alleles was obtained using CLUSTALW. Taking into account their high divergence (nucleotide or amino acid), only the most related sequences could be aligned and are represented in Fig. 1A . Related sequences differed only by their repeat copy number. For instance, the D motif is found 13 times in var-cseA but only 10 times in var-cseB. Additionaly, the number of supermotifs can also differ from one allele to the other. Indeed, var-cseG and var-cseH differ only by one copy of the CHEC supermotif.
In addition, the var-cse alleles can be classified in two groups on the basis of their repeat type content. The group I, bringing together var-cseA to C, comprises all of the D, J and K motifs, and the majority (74%) of the A motifs (Fig. 1A) . Group II, bringing together var-cseD to K, comprises all of the E, G, H, and I motifs, and the majority (98%) of the C and F motifs.
cse is mosaic Two alternative hypotheses could explain the origin of the var-cse alleles in these two groups. First, the common ancestor of the two corresponding groups of S. thermophilus strains is ancient each has since evolved by severe mutation accumulation. Alternatively, a var-cse allele was acquired in S. thermophilus by horizontal sequence transfer resulting in a mosaic cse locus.
To test these hypotheses, we compared the entire cse ORF and flanking regions from 10 S. thermophilus strains belonging to group I (CNRZ368, CNRZ445) and group II (LMG18311, LMD9, ATCC19258, CNRZ1066, CNRZ302, CNRZ308, CNRZ702, CNRZ1402). Sequence alignments revealed that the regions encompassing the 436 bp B region and the 228 bp D region upstream and downstream var-cse respectively, could be classified into group I and II, on the criterion of sequence identity. Indeed, Fig. 2 Similarity between repeat motifs. Similar repeat motifs were aligned. Identical amino acids or nucleotides are indicated by bold face sequence identity matrixes showed that along the B and D regions, percentage sequence identities are much higher between sequences belonging to the same group than between sequences that belong to different groups (Fig. 3) . On the other hand, along the regions flanking BCD, i.e. the A and E regions, all the sequences are almost identical. Therefore, it is within the B, C (or varcse) and D regions that the sequences can be classified into two groups. We conclude that these results show that the cse locus is mosaic.
Involvement of var-cse in cell segregation
The high intraspecific variability of the var-cse region could suggest that it is a dispensable region of the gene. As Cse is involved in the separation of S. thermophilus cells (Borges et al. 2005) , the involvement of the var-cse region in cell segregation was investigated.
For this purpose, 80% of the var-cse region was deleted in-frame in the CNRZ368 strain (Fig. 1A) using an allelic replacement strategy. The resulting CNRZ368-D 67-411 var-cse strain was grown, in parallel with CNRZ368 and CNRZ368-Dcse, in liquid medium without shaking. The CNRZ368-Dcse strain is a cse null mutant that was previously constructed by in-frame deletion of the cse ORF (Borges et al. 2005) .
Phase-contrast photonic microscopy observation revealed that the CNRZ368-D 67-411 var-cse cell chains were shorter than those of the Dcse mutant (Fig. 4A ). This was reinforced by counting the number of cells per chain for each strain.
All the cells of the CNRZ368-D 67-411 var-cse mutant formed chains of less than 351 cells, while more than 99% of the CNRZ368-Dcse mutant cells were found in chains of more than 1000 cells (Fig. 4B ). This result shows that a residual cell segregation activity is encoded by the cse mutant gene devoid of the 67-411 var-cse region. On the other hand, 80% and 23% of the WT and the CNRZ368-D 67-411 var-cse mutant cells, respectively, compose chains of 1 to 50 cells (Fig. 4B) . Moreover, none of the WT chains contained more than 151 cells, yet 25% of mutant chains exhibited this length or longer. Thus, the CNRZ368-D 67-411 var-cse chains are typically longer than those of the WT, indicating that the mutant with a partial deletion of the var-cse region is impaired in cell segregation. These data show that the var-cse region is required for full cell segregation in S. thermophilus strain CNRZ368.
Discussion
The var-cse variability: a possible consequence of repeat richness Analysis of the var-cse sequence from 19 S. thermophilus strains has revealed the extent of the intraspecific variability of this cse region. This variability is emphasized when considering that S. thermophilus strains are closely related (Bolotin et al. 2001; P. Renault, personal communication) .
The var-cse polymorphism can result from repeat number variability. Such variability was Fig. 3 The cse locus is mosaic. The sequences of the cse locus were aligned with CLUSTALW. Based on the alignment, a sequence identity matrix was built and the mean value and standard deviation corresponding to comparison between sequences from group I, sequences from group I and group II, and sequences from group II was reported for regions A, B, D and E of the cse locus. Values without standard deviation resulted from comparison of two sequences. Such analysis is not reported for the region 3 (corresponding to var-cse) since alignment is not valuable for this region. The open arrow represent the cse ORF and indicate its reading direction Antonie van Leeuwenhoek (2006) 90:245-255 251 already widely described for repeat regions (Yang and Gabriel 1995; van Belkum et al. 1998; Wilton et al. 1998; Lukomski et al. 2000; Schupp et al. 2000; Rasmussen and Bjorck 2001; Areschoug et al. 2002; Koroleva et al. 2002; Karatzas et al. 2003; de Benito et al. 2004) . It is likely that insertions/deletions (indels) of repeat units result from polymerase slippage, during DNA replication, or by single strand annealing (SSA) (Michel 1999) . These two mechanisms of illegitimate recombination imply pairing of ectopic complementary sequences. Sequence alignment of varcseI, J, K suggests that an indel of an E motif occurred (Fig. 1A) . This indel would result from ectopic pairing of two sequences, each one constituting a whole E repeat unit. Interestingly, considering the similarities between repeat motifs, it is likely that illegitimate recombination events are implicated in pairing of sequences from different repeat motifs. This hypothesis is supported by our var-cseI, J, K alignment. This alignment revealed an indel of a CH unit (Fig.1A) , potentially resulting from pairing of the 5¢ end of the inserted/deleted C motif, with the 5¢ end of the E motif downstream the CH indel (Fig. 1A) . Thus, the var-cse region could have evolved by recombination between identical repeats but also between different repeats. The ability of different repeats to undergo recombination would have increased the variety of recombination events in var-cse and could therefore be a factor responsible for the high polymorphism of this region.
Origin of the diversity of the repeats Partial pairing of repeated motifs could be responsible for indels of blocks of whole repeats units, but also they could induce partial deletion of repeat units. Indeed, since the G motif is entirely comprised within the C repeat (Fig. 2) , and taking into account the abundance of the latter, a simple hypothesis is that the G motif has been generated by partial deletion of an ancestral C motif (Fig. 5) . A probable scenario would implicate an ectopic pairing of the GCA trinucleotide repeats: one constituting the 3¢ end of the F repeat unit upstream of the hypothetical C repeat unit and the other encoding the alanine amino acid of the C hypothetical repeat unit (Fig. 5 ). This ectopic pairing would have generated the deletion of the SEA encoding region of the hypothetical C repeat unit, generating the G motif. It is notable that at the end of this scenario, the G motif is not yet a repeat. The alleles can contain large nucleotide duplications. Three alleles, grouping together the varcse sequence of 11 S. thermophilus strains, exhibit an interspersed duplication of the CFCCFGCFE block of motifs (Fig.1) . Two hypotheses could explain this duplication: that the same succession of repeat motifs appeared independently twice following multiple indels or, alternatively, that a single mutation resulted in the duplication of one of the two copies. Taking into account the high conservation of the CFCCFGCFE supermotif (1 nucleotide divergence between the 2 copies along 130 bp), it is more probable that the CFCCFGCFE duplication resulted from a unique mutation. Thus, the var-cse region would have evolved by duplication of motif blocks.
Interestingly, the CFCCFGCFE duplication would have duplicated the enclosed G motif that would have been created by partial deletion of a C hypothetical motif. This hypothesis would explain how the G motif, initially generated as a single copy, was duplicated and thus became a repeat. This hypothesis is supported by the observation that all the G motifs identified here are included in the CFCCFGCFE supermotifs (Fig. 1A) . A similar mechanism of repeat generation by recombination between existing interspersed repeats has already been suggested for the G protein from two strains of Group G streptococci (Fahnestock et al. 1986; Filpula et al. 1987; Kehoe 1994 ).
In conclusion, a mutation series consisting of partial deletion of repeats followed by supermotif duplication could be responsible in part for the high repeat variety of the var-cse region.
Implication of horizontal transfer
Comparison of the var-cse region from 19 S. thermophilus strains and the flanking regions of 10 of them revealed that cse is mosaic. The sequences from group I exhibit 7% nucleotide divergence with the sequences from group II, along the B and C regions of cse, regions that are not supposed to evolve rapidly since they are not composed of repeats. It was previously reported that the divergence average between S. thermophilus strains sequences is 0.2% (Bolotin et al. 2001; P. Renault, personal communication) . Therefore, the intraspecific divergence noticed in the cse locus is unusual for S. thermophilus sequences. Numerous mosaic genes have been previously described, especially in streptococci (Whatmore and Kehoe 1994; Kapur et al. 1995; Whatmore and Dowson 1999; Filipe et al. 2000; Hakenbeck 2000) . These genes are typically formed by allelic recombination between a genomic locus and another allele acquired from horizontal transfer. It is likely that the cse mosaic nature has resulted from this mechanism.
Extent of the tolerance for var-cse variability regarding the cse cell segregation activity Our partial var-cse deletion led to a decrease of cell segregation activity. Although the var-cse region is required for full cell segregation activity, The hypothesis implies the generation of the G motif by partial deletion of the hypothetical and ancestral C motif. Partial deletion would have occurred by illegitimate recombination implicating an ectopic pairing of two copies of the duplicated GCA sequence it exhibits high variability. This suggests that the function fulfilled by var-cse does not lead to counter-selection against this variability and has allowed the genomic fixation of a large number of alleles. This hypothesis is supported by results from var-cse allelic replacement experiments (Borges et al. 2005) . Indeed, the replacement of the var-cse sequence of strain LMG18311 by that from CNRZ368, which results in shortening by 60 bp and the alteration of approximately 60% of the remaining amino acid sequence, did not have significant consequence on chain length. However, since the D 67-411 var-cse mutant is affected in cell segregation, this variability tolerance could be restricted to a minimal size of the var-cse region. Thus, the role of the var-cse region could be to maintain an appropriately orientated CHAP domain within the cell envelope i.e. with the Cse protein anchored by the LysM domain and the var-cse region acting as a spacer. This interpretation is consistent with the results from our previous var-cse allelic replacement experiments (Borges et al. 2005 ) since these would be predicted to maintain an appropriately displayed CHAP domain in the Cse constructs.
Analysis of the sequenced streptococcal genomes revealed two other LysM-CHAP domain proteins: SMU_367 from Streptococcus mutans and BAB61101 from Streptococcus intermedius, whose functions are unknown. In SMU_367 and BAB61101 proteins, the LysM and the CHAP domains are spaced by a short sequence of 31 amino acids and 36 amino acids, respectively. For Cse, the shortest linker sequence identified was that of S. thermophilus strain A054 which is 236 amino acids long, about seven times longer than the spacer in the other two LysM-CHAP proteins. Thus, the sequences spacing LysM and CHAP domains are not always long, suggesting that the functionality of this combination of domains does not necessarily require a long interdomain linker.
